We examined the influence of focal cerebellar lesions on working memory (n-back task), gait and on 39 the interaction between working memory and different gait tasks in a dual-task paradigm. 40
INTRODUCTION
. One of the best examined cognitive tasks is verbal 91 working memory, for which neuroimaging studies identified the involvement of different brain areas 92 including premotor cortex, prefrontal cortex and posterior parietal cortex (meta-analysis for the n-93 back task see in Owen et al. 2005) as well as the lateral cerebellum (Hautzel et al. 2009; Marvel and 94 Desmond 2011; Stoodley and Schmahmann 2010; 2009) . Verbal working memory dysfunction has 95 been observed in patients with cerebellar disease, although deficits are generally mild in standard tests 96 (Cooper et al. 2012; Ravizza et al. 2006; Tedesco et al. 2011; Timmann and Daum 2010) . 97
We examined a dual-task paradigm consisting of a verbal working memory task and gait tasks with 98 different complexities (treadmill walking, treadmill tandem walking) in young cerebellar patients with 99 focal lesions. Advanced methods of lesion symptom mapping (Rorden et al. 2007; Timmann et al. 100 2009) were used to identify cerebellar areas associated with performance changes in both single task 101 (working memory, walking) and dual-task conditions. 102
Although divided attention (not primarily influenced by the cerebellum) and prioritization of the 103 motor task for security reasons (Springer et al. 2006; Woollacott and Shumway-Cook 2002; Yogev-104 Seligmann et al. 2008 ) are possible explanations of expected dual-task effects, decrease of 105 performances due to the involvement of overlapping regions in both tasks may play a specific role. 106
We hypothesize to observe the latter in the more difficult tandem gait, since precise, visually-guided 107 leg movements likely involve lateral regions of the cerebellum as does the cognitive working memory 108 task. Hence, we expect dual-task interaction effects caused by the involvement of overlapping regions 109 in the lateral cerebellum for both the cognitive and the tandem walking task. 110 111 112 113 METHODS 114 Subjects 115 We analyzed seventeen patients (CP 1-17) with chronic focal lesions after cerebellar tumor resection 116 (age range 18-45 years, mean 27.4; 10 female, 7 male) and an age-matched control group (age range 5 18-45 years, mean 27.2; 10 female, 7 male). All patients suffered from benign cerebellar tumors 118 (pilocystic astrocytoma WHO grade I (10 patients), astrocytoma WHO grade II (one patient), 119 hemangioblastoma (five patients) or angioma (one patient). None of the patients received adjuvant 120 radio-or chemotherapy (see Table 1 and Appendix A). 121
Severity of ataxia was rated using the International Cooperative Ataxia Rating Scale (ICARS) 122 (Trouillas et al. 1997) . All patients showed mild symptoms of ataxia and were able to walk without 123 aid (ICARS score: mean 6.3, SD 7.3, see Table 1 ). Each subject was examined by an experienced 124 neurologist (D.T.). All patients and control subjects gave informed written consent prior to 125 participation. The study had been approved by the local institutional ethical review boards in 126
Tübingen and Essen. 127 128 N-back task 129 130 The n-back task (Dobbs and Rule 1989) is a working memory task in which participants have to 131 monitor a sequence of digits and to indicate whenever the currently presented digit coincided with the 132 one that was given n steps earlier in the sequence. For instance, in the 2-back condition, participants 133 have to respond when the current digit is the same as the one presented two steps before, like in the 134 sequence 3671782969. 135 In the present study responses were given verbally, specifying the digits "seven" and "nine" in the 136 given example immediately after appearance of the target pair. In our implementation of the n-back 137 task, a sequence of 30 digits was presented auditory via wireless head phones, with inter-stimulus 138 intervals jittered between 2.85s and 3.15s. Trials in all conditions included seven targets. N-back 139 performance was determined as follows: The n-back tasks were performed in three conditions: (i) during sitting (baseline condition), (ii) during 144 normal walking on a treadmill, and (iii) during a more demanding gait task, walking on a virtual line 145 on the treadmill (tandem gait, see next section).
6
Although the baseline condition for the n-back task (sitting) is actually also a motor task requiring 147 balance control, we assumed that the n-back performance in this condition is not influenced 148 predominantly by this elementary motor task. This assumption is supported by the facts, that (i) our 149 patients have shown mild to moderate impairments not influencing sitting position (absence of truncal 150 ataxia, that is no point in the ICARS sitting subscore, Table 1 ) and that (ii) there was no correlation 151 between ataxia severity and the n-back performance (see Results) . 152 N-back task sessions were performed always in the same sequence: baseline, walking, tandem 153 walking. This strict order ensures that identified decreases in n-back performance for the walking 154 conditions can be interpreted as dual task effects. No instructions were given to the participants to 155 prioritize one task over the other. 156
Within each session, subjects started with 1-back, and continued to increasing n. In order to 157 familiarize themselves with the n-back tasks, subject practiced at the beginning one trial for each n in 158 the sitting condition before the actual experiment. 159 160  161 During normal treadmill walking, subjects walked on a treadmill at a velocity of 1 m/s. In the second 162 motor task condition, the treadmill tandem walking, subjects were instructed to go on a virtual line on 163 the treadmill at 0.3 m/s by placing one foot in front of the other with a distance of approximately 5cm. 164
Walking tasks
The second task is considerable more challenging with higher demands on balance control and goal-165 directed leg movements. 166
For each condition, subjects had a 3-minutes familiarization phase before capturing the baseline 167 movements without the n-back task. 168
During the n-back tasks on the treadmill, subject walked 10 seconds on the treadmill before starting 169 the working memory task and capturing the movements. Single task recordings of walking and 170 tandem walking (as baseline conditions for gait movements) had the same durations as dual task 171 recordings. In both conditions, participants didn't hold on treadmill bars. 172
Gait measures

173
Previous studies have shown, that measures of spatial and temporal variability (e.g. variability in step 174 length and step cycle time) are especially suitable for describing ataxic gait (Ilg et al. 2008; Ilg et al. 175 2007; Morton and Bastian 2003; Schniepp et al. 2011; Stolze et al. 2002) . In addition, existing 176 research on dual task walking revealed, that both temporal and spatial variability in gait are also 177 increased in dual-task walking conditions particularly for patients with neurological disorders (Verrel 178 et al. 2009; Woollacott and Shumway-Cook 2002; Yogev-Seligmann et al. 2010 ). Thus, we focused 179 on the analysis of these variability measures for both walking conditions. 180
Variability measures were calculated using the coefficient of variation CV= σ/μ, normalizing the 181 standard deviation with the corresponding mean value (Winter 1984) . 182
Gait analysis was performed using a VICON MX motion capture system (for details, see Appendix 183 C). 184
MR Imaging
185
MR images of all patients were acquired with a 1.5-T Siemens scanner (Espree) using a 12-channel 186 head coil. A three-dimensional (3-D) sagittal volume of the entire brain was made using a T1-187 weighted, magnetization prepared rapid acquisition gradient echo sequence (MPRAGE; repetition 188 time=2,400 ms, echo time=3.63 ms, field of view=256 mm, 160 slices, voxel size 1.0×1.0×1.0 mm 3 ). 189 3-D fluid attenuation inversion recovery (FLAIR) and 2-D T2 weighted MR images were acquired at 190 the same time. Images were examined by an experienced neuroradiologist (S.L.G), and 191 extracerebellar pathology was excluded. 192 At first, the program isolated the cerebellum and created a mask. These masks were manually 203 corrected with the help of CARET software (http://brainvis.wustl.edu/wiki/index.php/Caret:About). 204
Focal Lesions
The nonlinear deformation was then applied to RBIs from the individual patients. For further analysis 205 all lesions were flipped to the right. Superposition of individual lesions is illustrated in Figure 1 . 206
Voxel-wise lesion-symptom mapping (VLSM) was performed with the help of NPM 207 software (http://www.mccauslandcenter.sc.edu/mricro/npm/). Only voxels damaged in at least 10% of 208 individuals (2 patients) were considered. Associations between cerebellar damage and behavior 209 impairments were obtained using multiple t-tests (Bates et al. 2003; Rorden et al. 2007) . T-tests were 210 conducted at each voxel comparing the behavioral scores of the patients subgroups for whom that 211 voxel is intact and lesioned on the parameters of interest. P values < 0.05 (Z = 1.65) were considered 212 significant. 213 214
Statistics
215
Performance in the n-back tasks was analyzed carrying out a 2 (Group: healthy controls vs. cerebellar 216 patients) x 4 (Task difficulty: levels n=1-4) x 3 (Movement condition: levels 'sitting', 'walking', and 217 'tandem') mixed model ANOVA. 218 In case of violations of the sphericity assumption, as indicated by a significant result of the Mauchly's 219 test, we report Greenhouse-Geisser corrected statistical data. 220
In cases, where an interaction of Group and Movement Condition was present, we ran additional 2 221 (Group) x 4 (Task difficulty) mixed model ANOVAs for each movement condition separately. 222
Post-hoc paired comparisons between the cerebellar group and the control group at individual levels 223 of task difficulty were conducted with more conservative non-parametric statistics using the Mann-224 Whitney U-test at the 5% alpha level of significance. 225
Cut-off levels based on the 10%-quantile of n-back performance for the healthy control group were 226 determined in order to analyze whether individual cerebellar patients are impaired in n-back 227
performance. 228
To test for differences between the patient and control group in their motor behavior we conducted 2 229 (Group) x 4 (Task difficulty) mixed model ANOVAs for each motor task ('walking', 'tandem') and 230 each gait parameter (step length, step width, step cycle, cadence, and variability of those measures). 231
In cases we found a significant main effect of Group or an interaction of Task difficulty and Group 232 further paired comparisons were done using the non-parametric Mann-Whitney U-test. For the latter 233 we report two significance levels: uncorrected (p<0.05*) and Bonferroni-corrected for multiple 234 comparisons (p<0.05/n**). 235
Spearman's rho was used to examine the correlation between clinical ataxia scores ICARS and n-back 236 performance respectively gait measures. 237
All statistical analyses were performed using MATLAB and SPSS. 238 
RESULTS
239
N-back task performance in different motor conditions
240 Figure 2 shows the n-back performance of patients and controls for the different conditions. 241
As expected, the level of n-back difficulty had a strong impact on the performance of healthy controls 242 and of cerebellar patients. The performance decreased with increasing difficulty (F(1.8, 243 57.62)=361.40, p<0.001) as well as with increasing motor demands (F(2,64)=18.84, p<0.001). Overall 244 cerebellar patients performed worse than healthy controls (Group F(1,32)=25.77, p<0.001). This 245 group difference was most prominent in conditions with increased n-back task difficulty as reflected 246 by the significant interaction Task difficulty x Group (F(1.8, 57.62)=14.21, p<0.001). 247
Patients and controls differed significantly in the n-back task even in the sitting condition (ANOVA, 248 main effect of Group, F(1,32)=4.486, p=0.042). 249
This group difference was more pronounced in the walking condition (F(1,32)=15.86, p<0.001) and 250 strongest for the tandem walk (F(1,32)=24.177, p<0.001), which was the most demanding motor 251 condition. 252
For the following post-hoc analyses, we focused on the 3-back task, since (i) both controls and 253 patients revealed a performance with no significant differences from 100% (ceiling effect) for n=1-2, 254 and (ii) 4-back revealed to be a rather difficult task with a very high variability in both groups and no 255 significant differences from 0% performance for patients (floor effect). 256
For the 3-back task, significant group differences exhibited for walking (p=0.03) and tandem 257 (p=0.001), but not for the baseline condition during sitting. 258
Intra-group analyses revealed, that for healthy controls 3-back performance decreases significantly (in 259 comparison with baseline) in the dual-task condition only for tandem gait (p=0.03), not for walking 260 (p=0.6). In contrast, cerebellar patients showed a significant decrease in 3-back performance 261 comparing sitting to walking (p=0.01), sitting to tandem (p=0.0002) and also comparing walking and 262 tandem gait (p=0.007). 263
Individual subject analysis on 3-back performance in sitting revealed, that five patients were below a 264 cut-off level of 10% quantile determined by the control group ( Figure 3A) . Similarly, four patients 265 were below cut-off level in the walking condition ( Figure 3B ), whereby three of them were also in the 266 sitting condition. In contrast, more than half of the patients (nine) were below the cut-off level for the 267 tandem condition. This result indicates an influence of motor task complexity on 3-back performance 268 in the dual-task paradigm in particular for patients. 269
Within our patient population there was no correlation between n-back performance and the clinical 270 ataxia score ICARS or its subscores including speech in any motor condition (p>0.35), indicating that 271 n-back performance is not correlated with general ataxia severity and motor symptoms. 272 273 Lesion mapping of 3-back performance 274 In the sitting condition, performance in the 3-back task was significantly reduced in patients with 275 lesions of the ventral part of the dentate nucleus compared to patients with no lesions [orange and red 276 color in Figure 4A ("baseline"); maximum Z value 3.05, x=20, y=-62, z=-42, see also Appendix, 277 Table 3 ]. In addition, lesions within lobules V and VI with some extensions into the dorsal dentate 278 nucleus (maximum t=2.58) and Crus I, and lesions within lobule VIII extending into lobule IX were 279 significantly more likely in patients with reduced task performance. 280
In the walking condition, cerebellar areas related to impaired 3-back performance were very similar to 281 the sitting (baseline condition) but associations were less strong. Maxima were found in the ventral 282 dentate nucleus (maximum Z=2.37, green color), lobule VI with extension into dorsal dentate, lobule 283 V and Crus I, and lobule VIII extending into IX ( Figure 4B , walking). 284
In contrast, for the more difficult tandem gait condition, lesion symptom mapping of 3-back 285 performance revealed a quite different pattern. In this condition, the strongest association to 286 decreased 3-back performance was found with lesions in the dorsal dentate (maximum Z=2.41, x=12, 287 y=-63, z=-35) in close neighborhood and extending into the interposed nucleus (maximum Z=1.96, 288 x=8, y=-62, z=-34) (orange and yellow in Figure 4C , "tandem"), both known to be important for the 289 control of precise goal-directed limb movement (see review in Thach and Bastian 2004 and 290 Discussion ) . 291
In addition, there were little associations with the cerebellar cortex, present primarily in vermal 292 lobules VII-IX with some extension into Crus II (maximum Z value 2.41). 293
Remarkably, lesion areas, which are related to the 3-back performance in the tandem condition, 294 showed no overlap with those lesion areas for the baseline and the walking condition. This indicates 295 that in this dual task condition lesions found to be predictive for impairments in 3-back baseline 296 condition have no longer dominating influence for the behavioral outcome. 297
However, it is important to note, that the lack of association in the tandem walk condition does not 298 mean that these areas do not contribute anymore to the cognitive task. Rather, it shows that lesions in 299 a second, different area predominantly influence the task performance. In cases where two areas 300 become important, the association for the less dominant cerebellar area might be weakened and fail to 301 reach significance in lesion symptom mapping. 302
Gait Analysis
303
Treadmill walking 304 Detailed gait analysis results for the treadmill walking condition are shown in Table 5 (Appendix). 305
Patients showed an increased step length variability in comparison to the control group (ANOVA, 306 F(1,31)=4.654, p=0.039) (see Figure 5A ). This higher variability was independent from the task 307 difficulty and it occurred already in the baseline walking condition without additional n-back task 308 (Mann-Whitney-U-Test p=0.021). Similarly, step width variability was increased for patients 309 (p=0.008), independent from the task difficulty. 310
Treadmill tandem 311 For the more demanding tandem gait, we found a major difference between healthy controls and 312 cerebellar patients in almost all analyzed parameters (Table 6) . 313
An analysis of step length variability revealed a significant higher variability in patients (ANOVA 314 effect of group F(1,31)=11.34, p=0.002) ( Figure 5B ). Their step length variability was higher in all 315 conditions as revealed by post hoc comparisons (Mann-Whitney-U-Test, baseline p=0.011; 1-back 316 p<0.001; 2-back: p=0.023; 3-back: p=0.002; n=4-back: p=0.001). 317
In addition, patients' step length variability significantly increases for more demanding n-back tasks 318 n=3,4 compared to the tandem baseline (p<0.03), indicating an influence of the cognitive load on the 319 motor task. 320
Similarly, step timing variability was significantly increased in patients for all conditions (ANOVA, 321 F(1,31)=33.51, p<0.001). For the intra-group analyses, step timing variability revealed a significant 322 increase for all the dual task conditions n=1-4 in comparison to baseline tandem gait (p<0.03). 323
Lesion mapping of gait parameters 324 In the baseline walking condition, variability of step length was significantly increased in patient with 325 lesions of inferior parts of the vermis (lobule IX with some extension into VIIIa,b) compared to 326 patients with no lesions (maximum Z values 2.46; dark orange and red color in Figure 6A ; see also 327
Appendix, Table 4 ). In addition lesions within the dorsal dentate nucleus (maximum Z=2.06, x=14, 328 y=-63, z=-30) extending into the interposed nucleus (maximum Z value 2.10, x=10, y=-58, z=-29) and more intermediate parts of lobules V and VI, and lesions within the white matter of the posterolateral 330 cerebellum with a small extension into the ventral dentate nucleus and Crus I were significantly more 331 likely in patients with increased variability of step length. During dual task walking, step length 332 variability was most strongly associated with lesions of the posterolateral white matter with 333 extensions into Crus I and II (maximum Z=2.58, yellow and orange color) and a small extension into 334 the ventral dentate (maximum Z=2.43, x=22, y=-60, z=-41; Figure 6B ). There was also a relationship 335 to the posterior vermis, but less strong compared to the single walking task (maximum Z=2.09). Thus, 336 lesions in the more dorsal part of the dentate and adjacent interposed nucleus as well as most parts of 337 the vermis were not significantly different in variability of step length compared to patients with no 338 lesions in this area. Therefore, walking task performance was more strongly driven by the 339 posterolateral cerebellum in the dual compared to the single task. 340
In the more difficult tandem gait, variability of step length was significantly increased in patients with 341 lesions affecting both the ventral and dorsal parts of the dentate nucleus (ventral dentate maximum 342 Z=4.52, x=20, y=-62, z=-42; dorsal dentate maximum Z=3.43, x=17, y=-55, z=-32; orange color in 343 Figure 6C ). In addition, areas within lobule VI with extensions into lobule V and Crus I, and within 344 lobule VIIIa with extensions into lobules VIIIb and IX were associated with increased variability of 345 step length (maximum Z=3.43, x=18, y=-65, z=-48) . In the tandem dual task, associations were 346 weakened, but areas related to impaired task performance in tandem gait remained largely the same 347 (see Z-values in Appendix, Tables 3 and 4 ). In the cerebellar cortex, maximum t values were observed 348 within lobules VI extending into V (maximum Z=2.63) and VIII extending into IX (maximum 349 Z=2.83, Figure 6D ). Associations to the dorsal and ventral dentate were still present, but maximum t-350 values were reduced (Z= 2.52 and 2.83) as compared to the single task. 351
Distinct and overlapping areas associated with baseline motor versus baseline
352 n-back tasks 353 In order to examine the specific or common involvement of cerebellar regions in working memory 354 and in motor tasks, Figure 7 shows overlaps of regions associated on the one hand with decreased 355 performance in the 3-back baseline task and on the other hand with increased variability in walking 356 baseline ( Figure 7A ) and tandem baseline ( Figure 7B ). 357
First, there is little overlap of regions associated with decreased 3-back baseline performance and 358 increased variability in the baseline walking ( Figure 7A) . 359
Second, Figure 7B reveals for tandem gait an overlap of several regions associated with impairments 360 in both tasks, including regions in the posterior cerebellum and the dentate nucleus (mostly ventral 361 regions but also dorsal parts). 362
In contrast to the overlapping regions, specific impairments could be associated with regions within 363 lobule VI. This lobule was involved in both tasks, but the localization within the lobules was different. 364
Whereas in 3-back tasks the more posterior parts of the lobules were of importance (red color in 365 Figure 7) , the more anterior parts contributed to tandem gait (blue color). 366
DISCUSSION
367
We examined dual task effects in patients with focal cerebellar lesions by combining working 368 memory and walking tasks. In dual task conditions, we found an increasing influence of motor-related 369 lesions on n-back performance. For the more difficult tandem gait, we identified strong dual-task 370 interactions and an overlap of lateral cerebellar regions involved in both tasks. 371
Lesion-symptom mapping and baseline 3-back performance 372 We found associations of impaired 3-back task performance with lesions in different cerebellar 373 cortical areas, namely with lesions within lobules VI (with some extensions into lobule V and Crus I), 374 VIII (extending into lobule IX), and the corresponding parts of the dentate nucleus. These results 375 reflected nicely the hypothesized specific functional roles of distinct cerebellar regions within the task 376 of verbal working memory: the superior cerebellum and dorsal dentate nuclei in phonological 377 encoding, and the inferior cerebellum and ventral dentate nuclei in retrieval and maintenance of the 378 phonological store (Marvel and Desmond 2012; 2011). 379 In particular, our findings showed associations between reduced 3-back performance and lesions of 380 the ventral and caudal part of the dentate, previously suggested by imaging studies (Kuper et al. 381 2011a; Thurling et al. 2012) to be involved in a "non-motor" network with functional connectivity to 382 prefrontal and parietal regions (Dum and Strick 2003; review in Strick et al. 2009). 383 Furthermore, the most consistent association between lesions sites and baseline 3-back performance 384 has been revealed for the dentate nucleus (Figure 4 ). This finding is in line with the observation, that 385 functional compensation takes place to a much greater extent when lesions are restricted to the 386 cerebellar cortex than in lesions involving the deep nuclei (Konczak et al. 2005; Schoch et al. 2006) . 387
Consistently, the involvement of the deep cerebellar nuclei were described as the key factors that 388 determined cognitive deficits including working memory performance and executive function 389 (Tedesco et al. 2011). 390 Lesion-symptom mapping and baseline gait performance -walking and 391 tandem 392 In accordance with the existing literature, our findings reflect specific functional roles for the different 393 cerebellar regions in gait (reviews in Morton and Bastian 2004; Thach and Bastian 2004). Increased 394 step length variability during normal walking was associated with lesions in the vermis ( Figure 6A) . 395
This reflects the important role of the medial cerebellum for balance in locomotion. Instead, during 396 tandem gait increased step variability was predominantly associated with lesions in the lateral 397 cerebellum ( Figure 6C when more gait precision is required. The most likely cause for the involvement of the ventral portion 403 of the dentate is the strong influence of vision in tandem gait, since the ventral part of the dentate has 404 be shown to be involved in visually-guided limb movement (Prevosto et al. 2010) . 405
This involvement of ventral parts seems to be in contradiction to the suggested compartmentalization 406 of the dentate in a dorsal motor part and a ventral non-motor part, responsible for higher cognitive 407 functions (Dum and Strick 2003; Strick et al. 2009 ).
Although there is various evidence of an essential involvement of the dorsal part inmotor-related 409 functions and involvement of the ventral part to non-motor functions as working memory, recent 410 studies also deliver increasing evidence that the strict subdivision in motor and non-motor part is an 411 oversimplification, and that complex motor function involve the function of the ventral dentate. 412
In a 7T fMRI study examining finger and foot movements (Kuper et al. 2011b) motor-related 413 activation was not restricted to the dorso-rostral dentate nucleus but also comprised caudal and ventral 414 parts of the nucleus. 415
Thus, these studies together with our results would speak against the hypothesis of a clear 416 segmentation of the dentate in a motor and a non-motor part. Instead it would support a different view 417 with motivation from neurophysiological animal studies, which have suggested motor representations 418 to cover the entire dentate nucleus (Asanuma et al. 1983; Evrard and Craig 2008; Thach et al. 1993) . 419
The ventral part could be predominantly involved in more complex motor tasks (potentially when 420 working memory play an increasing role) and visually-guided movements. 421
Distinct and overlapping areas associated with baseline motor and n-back 422 tasks 423 Lesion symptom mapping revealed almost no overlaps comparing baseline 3-back and baseline 424 walking ( Figure 7A ). In contrast, regions in the posterolateral cerebellum and dentate nucleus 425 (mostly ventral regions) were associated with impairments in both baseline 3-back and tandem gait 426 tasks ( Figure 7B ). These areas likely contribute both to cognitive and motor functions. 427
Areas in lobule VI, however, did not overlap. Whereas in 3-back tasks the more posterior parts of the 428 lobule were of importance (red color in Figure 7) , the more anterior parts contributed to tandem gait 429 (blue color). This suggests, that the more anterior parts of lobule VI are related to motor activities, 430
whereas the more posterior parts are related to working memory tasks. 431
Indeed, this subdivision of lobule VI is further supported by recent connectivity studies showing 432 connections from lobule VI to the ventral and to the dorsal part of the dentate nucleus (Bernard et al. 433 2013) as well as to the cerebral somatomotor and the ventral attention networks (Buckner et al. 2011). 434 The motor-related areas of lobule VI may particularly be involved in complex movement tasks 435 (Schlerf et al. 2011). 436 Dual task effects 437 Already in the dual task walking condition, the n-back performance of cerebellar patients decreased 438 moderately but significantly (in contrast to the control group), while gait variability showed no 439 significant increase compared to the baseline conditions ( Figure 5) . Consistently, lesions similar to the 440 baseline condition were associated with decreased 3-back performance (Figure 4) . Additionally, there 441 was practically no overlap between baseline n-back performance and baseline walking (Figure 7) . 442
These results suggest, that the moderate decrease in n-back during dual task walking is caused by 443 general effects of shifting attention due to prioritization of the walking task in order to avoid falls. 444
This agrees with earlier results from (Doyon et al. 1998) , showing that cerebellar patients -as well as 445 patients suffering from Parkinson's disease -have to rely more on cognitive resources for movement 446 control. 447
We did not see an influence of cognitive load on gait pattern of the walking task, like (Lang and 448 Bastian 2002) did on newly learned arm movements in the dual task condition. This difference might 449 be explained by our predominantly mildly impaired patient population (8 patients: ICARS gait & 450 posture <=2, showing no clinical signs in normal walking). 451
In contrast, for the dual task tandem condition cerebellar patients revealed a more essential decrease 452 in n-back performance as well as a significant increase of gait variability within the dual task 453 paradigm ( Figure 5) . 454
Considering 3-back performance, motor areas (dorsal dentate, interposed) got predominantly 455 important, suggesting that the motor impairment becomes the dominating factor. Patients have to 456 focus predominantly on the motor task (prioritization) e.g. to prevent falls, and thus performed worse 457 in the 3-back task. 458
However, prioritization of the motor task does not fully explain why working memory performance 459 decreased and at the same time gait variability increased ( Figure 5) , indicating also an impact of 460 cognitive load on the motor task.
One possible reason is the overlap between areas related to both tandem and n-back tasks. As stated 462 above, posterolateral areas are of higher importance in tandem gait compared to walking (Figure 7) . 463
At the same time posterolateral cerebellar areas support verbal working memory (lobule VI, Marvel 464 and Desmond 2012). An involvement of these regions in both tasks would explain, why both 465 performances in the cognitive as well as in the motor task significantly decreased during dual task 466 conditions. Increased difficulty of working memory tasks has been shown to involve increasing 467 contribution of the cerebellum (Marvel and Desmond 2012). Therefore, it made sense that interaction 468 effects were most obvious in the most difficult tasks 3-back and 4-back. 469
It is important to keep in mind, that the lesion symptom mapping approach delivers regions with the 470 dominating influence, but not necessarily all involved areas. For example, a recent fMRI study in 471 healthy subjects showed that areas in the cerebellum may be related to dual-task effects which are in 472 close neighbourhood to single tasks related areas, but which do not overlap (Wu et al. 2013) . We are 473 unable to answer the questions, whether in dual task conditions new areas in the cerebellum become 474 important, not active in both single task conditions. In addition, the present findings do not allow to 475 decide whether neural substrates involved in both tasks are the same or located in adjacent areas. 476 477 CONCLUSIONS 478 In summary, we found specific associations between cerebellar lesions and performance deficits in 479 single task conditions for n-back, walking and tandem gait. In the difficult dual task conditions (3-480 back, tandem gait), we found interaction effects on both modalities. These effects were most likely 481 caused by a mixture of divided attention, prioritization of the motor tasks and a common involvement 482 of lateral cerebellar regions in working memory and visuomotor control. Because dual (and multi) 483 tasks situations are common in everyday life, it is highly recommended to include dual task exercises 484 in motor rehabilitation programs for cerebellar patients (Ilg et al. 2009; Miyai et al. 2012 ). This has 485 been shown to be beneficial in other movement disorders like Parkinson's disease to prevent falls 486 (Yogev-Seligmann et al. 2012) . 487 Almost no overlap can be seen for the comparison of associated lesion areas between 3-back baseline 704 and walking baseline, whereas it exists an extensive overlap between associated lesion areas between 705 Table 4 Results of lesion-symptom mapping considering variability of step length during walking 748 (baseline), dual task walking, tandem gait (baseline) and dual task tandem gait (t test, p < 0.05). 749
3-back baseline and tandem baseline (B
Number of significant voxels, maximum Z score und SUIT x, y, and z coordinates are given for 750
individual cerebellar lobules and nuclei. Note that left-sided lesions were flipped to the right. 751 
CV Step Length walk baseline
APPENDIX C: Details of quantitative movement analysis 760
The three-dimensional movement trajectories of the patients were recorded at a sampling rate of 120 761
Hz using a VICON 612 motion capture system with 10 cameras and 41 reflecting markers. The 762 marker trajectories were preprocessed using the commercial software provided by VICON. This 763 software fits a clinically evaluated kinematic model to the marker trajectories and extracts velocities, 764 joint angles, and the course of the center of mass (CoM). 765
Gait cycles were automatically determined from the trajectories by detection of heel-strike events, 766 based on the vertical components of the heel marker positions. Results of the automatic detection 767 were verified manually using a stick figure animation in order to correct for different types of foot 768 placement. 769
Step width was measured by determining the lateral distance between the right and left heel markers 770 at the time of heel strike.
Step length was measured by determining the distance between toe marker 771 positions at the time of toe off and heel strike.
Step cycle timing was determined by the time interval 772 between subsequent heel strike events of the same leg. Patients were walking with shoes. 773 774 775 APPENDIX D: Gait parameters for treadmill walking and treadmill tandem 776 Table 5 Gait measures for treadmill walking at 1 m/s at baseline (Walk) and in the dual task conditions with 777 concurrent n-back tasks for n=1-4 (W-1B..W-4B). Group effect describes the probability of a difference
